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Chronic cranial windows have been instrumental in advancing optical studies in vivo,
permitting long-term, high-resolution imaging in various brain regions. However, once a
window is attached it is difficult to regain access to the brain under the window for cellular
manipulations. Here we describe a simple device that combines long term in vivo optical
imaging with direct brain access via glass or quartz pipettes and metal, glass, or quartz
electrodes for cellular manipulations like dye or drug injections and electrophysiological
stimulations or recordings while keeping the craniotomy sterile. Our device comprises
a regular cranial window glass coverslip with a drilled access hole later sealed with
biocompatible silicone. This chronic cranial window with access port is cheap, easy to
manufacture, can be mounted just as the regular chronic cranial window, and is self-sealing
after retraction of the pipette or electrode. We demonstrate that multiple injections can be
performed through the silicone port by repetitively bolus loading calcium sensitive dye into
mouse barrel cortex and recording spontaneous cellular activity over a period of weeks.
As an example to the extent of its utility for electrophysiological recording, we describe
how simple removal of the silicone seal can permit patch pipette access for whole-cell
patch clamp recordings in vivo. During these chronic experiments we do not observe any
infections under the window or impairment of animal health.
Keywords: imaging, in vivo, access port, chronic cranial window, two-photon, silicone plug
INTRODUCTION
Chronic cranial windows (Levasseur et al., 1975; Grinvald et al.,
1991; Holtmaat et al., 2009) have been instrumental in advanc-
ing in vivo optical imaging studies, permitting long term high
resolution imaging in various brain regions. Their success in
small animals like mice has been largely due to the simplic-
ity and reliability of the technique (Trachtenberg et al., 2002;
Holtmaat et al., 2005, 2009). A single surgical procedure with
fast recovery of the experimental animal allows a variety of
in vivo optical imaging techniques on a single specimen over
an extended period of time, potentially longer than 1 year.
Meanwhile behavioral training and external stimuli may be
implemented and a wealth of data collected from sub-cellular
compartments, individual neurons, or neural networks, in anes-
thetized and awake animals (Holtmaat et al., 2005, 2006; Portera-
Cailliau et al., 2005; Mank et al., 2008; Andermann et al.,
2010; Adam and Mizrahi, 2011; Kuhn et al., 2012; Xu et al.,
2012).
In vivo electrical recoding, whole cell recording in particular
(Margrie et al., 2002), has likewise resulted in many new insights
of how neurons behave in their natural environment. With acute
cranial windows it was possible to combine two-photon imaging
(Denk et al., 1990; Helmchen and Denk, 2005) and electrophysiol-
ogy via targeted and shadow patch clamp techniques (Komai et al.,
2006; Kitamura et al., 2008). Direct physical access to the brain
through acute craniotomies has also been crucial for validating
observations made in vitro and for calcium sensitive dye imaging
or local pharmacological cellular manipulation (Svoboda et al.,
1997; Sullivan et al., 2005; Dombeck et al., 2009; Hoogland et al.,
2009; Smith et al., 2013). However, these experiments were all
terminal.
Techniques that combine chronic imaging and direct cellular
recording or manipulation require sophisticated surgeries and
window designs (Arieli and Grinvald, 2002) that typically involve
dural replacement or covering by a transparent yet electrode
penetrable material (Yousef et al., 1999; Shtoyerman et al., 2000;
Arieli et al., 2002; Slovin et al., 2002). These windows were
mainly applied in larger mammals, but not in mice due to their
size.
Despite the utility of these techniques, a simple device
that combines chronic imaging with easy physical access to
the brain is not currently available. After an initial surgery,
such a device would permit multiple cellular manipulations
for weeks or months, for drug, dye, DNA, RNA and virus
delivery or for sample extractions, and electrophysiological
recording and stimulation, while preventing any contami-
nation of the brain and keeping the animal in a healthy
condition.
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Here, we present a simple method which allows the above
manipulations through a silicone plug in the glass window cover
slip. We show its utility by repeated injections over a period of
several weeks, functional imaging, and electrical recordings by
targeted whole-cell patch clamp technique after plug removal.
METHODS AND RESULTS
A chronic cranial window with access port or silicone plug was
developed to meet the following criteria: the device must improve
upon similar methods by simplifying the surgical procedure;
each window being easy to fabricate and fully adaptable to a
typical chronic cranial window surgical procedure; the window
adaptation should not degrade the imaging quality, stability or
surgical integrity over long periods of repetitive use (weeks to
months); it must allow easy, visually guided, and repeatable access
to the brain via pipette or electrode for delivery of substance,
electrical stimulation or recording.
All animal experiments were approved by the OIST Institu-
tional Animal Care and Use Committee (IACUC) in an Associa-
tion for Assessment and Accreditation of Laboratory Animal Care
(AAALAC International) accredited facility.
PREPARATION OF THE CHRONIC CRANIAL WINDOWWITH
ACCESS PORT
Prior to the surgery the glass window with silicone access port
was prepared (Figure 1). A typical circular 5 mm diameter glass
coverslip (thickness 170 µm) was clamped using a crocodile clip
with silicone tubing covering the teeth to prevent chipping the
glass (Figure 1A). A conical shaped stone drill bit (CA1063,
Minimo Precision Instruments and Tools, Figure 1B) and a high
speed dental drill (OS-40, Osada) was used to drill a hole of
approximately 1.5 mm in diameter through the glass with the tip
of the bit (Figure 1C). This step took 1–2 min. For a smooth finish
around the hole edge and to avoid chipping the glass, the finish
drilling was made from both sides of the glass.
After removing any glass dust with compressed air, the drilled
hole was sealed with silicone. Three varieties of silicone were
tested: Sylgard 184 (Dow Corning Corporation), Kwik-Sil, and
Kwik-Cast (W.P.I.INC.), each with its advantages and limitations.
Since Sylgard 184 and Kwik-Sil are transparent these were pre-
ferred for controling entry of the micropipette through the dura
and to avoid piercing blood vessels. Kwik-Cast is partially opaque
and so limits visibility and increases background fluorescence.
Fabrication of the access port was easier using Kwik-Sil or Kwik-
Cast which cure faster (10 min), while Sylgard 184 required addi-
tional heating to speed curing and raise its viscosity. We observed
that the softer silicone, Kwik-Sil, exerted excessive pressure on
the dura during micropipette penetrations, but the more rigid
silicone, Sylgard 184 and Kwik-Cast, did not. The additional steps
required for curing Sylgard 184 were seen as minor, and so for its
transparency and higher rigidity, Sylgard 184 was chosen in our
experiments.
In all three cases the silicone is composed of two parts,
the elastomer and the curing agent, which must be mixed and
allowed to partially cure to raise silicone viscosity and prevent
its spreading across the glass surface. To raise Sylgard viscosity
the elastomer and curing agent were mixed at a ratio of 10:1 on
a glass slide and then heated (while mixing) over a glass bead
sterilizer, for approximately 30 s at 80◦C. A droplet of silicone is
applied to the window hole edges (Figure 1D) using a sterile metal
drill bit carefully inserted into the hole. A metal drill bit is used
because it sticks less to the silicone than for example, a wooden
toothpick.
After retracting the drill bit, a droplet of silicone remains
within the window hole and seals it completely. The size of the
silicone droplet should be adjusted to create a silicone plug of
central thickness 130 ± 20 µm (n = 3), so that the surface of the
silicone plug lies roughly flat with both sides of the window glass.
To keep the silicone clear and evenly distributed within the hole
and to prevent it spreading onto the surrounding glass surface it
is important that no physical contact is made with the silicone
FIGURE 1 | Manufacturing and mounting of a chronic cranial
window with access port. A round glass cover slip is clamped by
a crocodile clamp with silicone tube cover (A). A conical stone drill
bit (B) is used to grind a circular hole off-center into the glass
cover slip (C). The hole is filled with silicone which is applied by a
metal drill bit (D). Different silicone types have different features
like transparency and stiffness (E). The image shows a Sylgard (left)
and a Kwik-Cast (right) filled access port. The window is mounted
on the skull taking into account the access direction at the imaging
setup (F).
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during the curing process. Sylgard 184 requires heating to speed
curing. Heating the glass window with silicone again over a glass
bead sterilizer for 10 min at 80◦C, for example, is sufficient. Kwik-
cast and Kwik-sil are fast curing at room temperature and set after
approximately 15 min. Once set, the silicone forms a durable,
tight, and biocompatible access port through the window, which
can then be sterilized with alcohol and stored or immediately used
in surgery (Figure 1E).
SURGERY
Chronic cranial window surgeries were performed on female and
male C57/BL6 mice, 28- to 56-days old using the 5 mm glass cover
slip with silicone access port following the procedure described
previously (Holtmaat et al., 2012). Mice were deeply anesthetized
throughout the surgery by 1–2% isoflurane and a stereotaxic
frame was used to immobilize the head. Eye ointment was applied
to the eyes for protection and to prevent dehydration. Carprofen
(5 µg/g body weight, intraperitoneal), and Buprenorphine (0.1
µg/g body weight, subcutaneous) were administered to reduce
postoperative inflammation and pain, respectively. Dexametha-
sone (2 µg/g body weight) was also administered by intramus-
cular injection into the quadriceps muscle to reduce immune
response and inflammation. After hair removal by trimmer and
hair removal cream, the skin was opened with a scalpel. The
skull was cleaned with a lidocaine solution and carefully dried
with compressed air. Using a dental drill the area around the
intended craniotomy (center at 1.5 mm posterior of bregma,
3.0 mm lateral, diameter 3–4 mm) was thinned.
One notable alteration to the before described procedure
was made for skull removal to expose the dura mater. Rather
than using forceps to perforate and lift the skull, which can
puncture the dura upon insertion (step 9 in Holtmaat et al.,
2012), a wooden toothpick was attached vertically to the center
of the bone above the intended craniotomy region using dental
acrylic. The dental acrylic was allowed to spread over the bone
that will be removed and also partly over the thinned bone
around the circumference of the craniotomy region (in total about
3.5–4.5 mm in diameter). Once the dental acrylic had set (approx.
15–20 min) the toothpick was gently lifted to separate the skull
from the dura, which would crack evenly along the edge of the
cemented area. We found this technique reliable in creating a
clean bone edge around the craniotomy and in preventing dural
bleeding, both essential for creating a clear and closely fitting
cranial window. This technique increased our surgery success rate
to 80% (n = 40).
It was not necessary to apply agarose between glass and dura or
to remove the dura; the glass window was mounted directly onto
the dura and sealed with super glue to the skull as in a typical
chronic cranial window surgery. After allowing the superglue to
set (1–2 min), a rectangular aluminum headplate (Figure 1F)
was positioned over the glass window and attached by applying
dental acrylic using a toothpick. The dental acrylic was allowed
to fill all spaces under and around the headplate including the
edges of the glass window and also cover all areas of exposed
skull. When positioning the glass window, it is important to
position the access port appropriately for its intended use. The
access port must be positioned over the location where injections
are to be made and adjacent to the location where imaging is
to be performed. Special care must be taken to ensure that the
intended injection and imaging areas are clear of blood vessels,
which are visible through the silicone plug (Figure 1F). The
surgery takes about 1 h. If more time was needed saline (10–20
µl/g body weight) was injected subcutaneously to avoid dehy-
dration. The mouse was allowed to recover from surgery at least
2 days.
IMAGING SETUP
We used a custom-built combined wide-field and two-photon
microscope (MOM, Sutter, designed by Winfried Denk) with
either a 5×/N.A. 0.13 air objective (Zeiss) or a 25×/N.A. 1.05
water immersion objective with 2 mm working distance (Olym-
pus). The collar of the 25× objective was adjusted to correct
for the window glass thickness (170 µm). Brightfield imaging
was done with a sCMOS camera (PCO.edge, PCO) in the green
spectral range (475 nm–575 nm, Chroma). A femtosecond-
pulsed Ti:sapphire laser was used to excite fluorescence which
was detected by two GaAsP photomultiplier tubes (Hama-
matsu) in the spectral range of 490 nm–595 nm (green) and
570 nm–640 nm (red) (Chroma).
INJECTIONS THROUGH ACCESS PORT
The window access port permitted repetitive and targeted access
to the brain for application of drugs or other compounds, like
dyes or viral vectors (Figure 2) and re-sealed when the pipette
was retracted.
A glass or quartz pipette was beveled with a course diamond
abrasive plate (BV-10, Sutter) to a defined opening between 5 and
15 µm. Beveling creates a sharp edge at the tip of the pipette and
reduces clogging. After beveling, the pipette was filled with the
solution which was delivered, mounted on a pipette holder on a
micromanipulator, and connected to tubing that allows pressure
application to the inside of the pipette.
After head-fixing the mouse on the microscope stage the
beveled pipette was controlled and advanced diagonally by micro-
manipulator through the silicone plug under visual control using
bright field (Figure 2B) or fluorescence microscopy (Figure 2C).
An angle of 22–27◦ to horizontal of the pipette holder allowed
the usage of large 2 mm working distance objectives, such as the
Olympus 25×/N.A. 1.05 objective. The location of the injection
site and angle of the pipette should be adjusted in accordance
with the intended depth of injection and to prevent imaging
from being obscured by the silicone/glass interface, the pipette tip
(target imaging region) should be located typically more than 500
µm from this interface.
Blood vessels should be avoided during the injections. With a
transparent silicone plug it is possible to visualize blood vessels in
the port area and to follow the micropipette position during entry
through the silicone, the dura and into the brain. An accidental
puncture of a blood vessel can terminate the experiment. This
occurred on two occasions during our long term experiments. A
total of 25 injections were made, giving an injection success rate of
roughly 90%. In general, either a green filter in front of the camera
or green light for illumination increases blood vessel to neuronal
tissue contrast.
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FIGURE 2 | Dye or drug application through the port of a chronic
cranial window. The silicone plug can be easily penetrated by a glass or
quartz pipette taking into account the steric limitations of the imaging setup
like working distance and size of the objective lens (A). A transparent
silicone plug allows avoiding blood vessels (B). The image was taken before
entering the brain. Two-photon imaging shows bolus loading after
penetration of the silicone plug (C). A z-axis projection through the injection
site shows the pipette position and silicone/dura displacement during a
typical pipette injection (D). Here,1 µM fluorescein was added to the water
immersion for visualization. Following pipette retraction the silicone and
dura return to their original positions (E, injection track indicated by
asterisk), even after multiple injections.
After reaching the target area, 14 mbar of pressure was applied
to the pipette for 1 min to deliver the dye (Figure 2C). Typical
injection pressure was in the range of 0.7–70 mbar (0.01–1.0 PSI).
This can be done, dependent on the application, for milliseconds
to hours. Finally, the micropipette was retracted and the silicone
plug re-sealed to maintain sterile conditions in the brain. During
our injections the maximum vertical displacement of the dura
under the inserted pipette was found to be 107 ± 17 µm (n = 6;
Figure 2D). Upon micropipette retraction the silicone returned
immediately to its original position and did not permanently
deform or separate from the glass, even after multiple injections
(Figure 2E).
CHRONIC FUNCTIONAL IMAGING AFTER REPEATED DYE INJECTIONS
To verify the reliability and repeatability of the technique, we
repetitively bolus-loaded (Stosiek et al., 2003) cortical layer 2/3
of barrel cortex with a calcium sensitive dye, Oregon Green
488 BAPTA-1 AM (OGB-1 AM, Invitrogen) and recorded spon-
taneous cellular activity from lightly anesthetized mice (0.5%
Isoflurane). For bolus loading we used beveled quartz pipettes
(1 mm outside diameter, 0.7 mm inside diameter and 5 µm
tip diameter), backfilled with 100 µM OGB-1 AM, 0.02%
Pluronic F-127 (Invitrogen), 0.1% DMSO (Invitrogen) dis-
solved in a pipette solution containing, in mM: 150 NaCl, 2.5
KCl, 10 HEPES, pH 7.4. For pipette visualization, Alexa 594
(10 µM, Invitrogen) was also included in the pipette solution
(Figure 2C).
The dye was loaded up to eight times over a period of 7
weeks (five mice), without impairment of the window clarity
(Figure 3A) or imaging quality (Figure 3B). Following each
injection a period of 1 h was given for dye uptake into the
cells and spontaneous activity was recorded in the same imaging
plane during several sessions (Figures 3C,D). Imaging data was
registered to compensate for movement artifacts, then regions
of interest were selected, time traces background-corrected, and
∆F/F calculated.
Imaging regions were selected based upon optimal cellular
labeling and imaging; those with the brightest labeled cells, unob-
scured by blood vessels at the surface. On one occasion we imaged
from identical neurons labeled with OGB-1 on different weeks
demonstrating that no adverse effects on cellular function or
image quality had occurred locally, following a previous injection
(Figures 3C,D).
During the experimental period all mice showed normal
behavior and gave no signs of distress. As with regular chronic
cranial windows, regrowth of bone became evident around the
window perimeter. The extent of bone regrowth varied between
mice. In some mice no bone regrowth was observed over multiple
weeks. In mice where bone regrowth was apparent the regions
of fastest bone regrowth were randomly distributed and inde-
pendent of access port position. The maximum rate of bone
regrowth in these regions was 250 ± 109 µm/week (n = 15
samples from five mice), and was independent of the number
of weeks following the craniotomy. Under the plug we found a
gradual hardening of the dura which eventually impaired imaging
quality and prevented simple access to the brain after week 7
(Figures 3A,B right). The regrowth of bone can be overcome or
at least delayed by an increased diameter of the craniotomy.
ELECTROPHYSIOLOGY
As a second demonstration of how the chronic cranial window
with access port may be applied, we conducted targeted whole
cell patch clamp recordings (n = 3) on layer 2/3 pyramidal cells
previously labeled with GFP (Figure 4).
An Adeno-Associated Viral vector (AAV2/1-hSYN-GFP,
UPenn Vector Core Facility) was injected to transfect layer
2/3 (Figures 4B,C) or layer 5 pyramidal cells (Figure 4E) to
express GFP. In this case the injection procedure was identical
to the bolus loading technique with the exception that the AAV
was injected over a longer period (30 min–1 h) using lower
pipette pressure (<0.7 mbar, 10 µm pipette opening, about 10
nl injection volume) in order to focus the GFP transfection
to the immediate injection region and reduce excessive
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FIGURE 3 | Long term imaging with repeated dye loading. Repeated
bright field imaging of blood vessels during a 7 week period (A) starting 1
week after mounting of the chronic cranial window with access port.
Regrowth of bone and gradual hardening of the dura but not infection
terminated the time course. The decreasing diameter of the craniotomy due
to regrowth of bone can be seen from left to right. During this period eight
injections of the calcium dye OGB-1 AM-ester were performed, four of which
are shown in (B). Functional signals imaged with two-photon microscopy at a
depth of 250 µm below the dura in a lightly anesthetized mouse (0.5%
isoflurane) are shown in two recordings after repeated injection of AM-ester
dye to the same location, indicated in (A) by squares, three (C) and five
(D) weeks after mounting the window.
labeling. Green fluorescent protein expression was monitored
over several days before beginning the electrophysiological
recordings.
After suitable expression of GFP in neurons, we performed
targeted-patch whole-cell recordings from the GFP labeled neu-
rons in layer 2/3 in anesthetized mice (1% isoflurane). For suc-
cessful patch clamp recordings it is essential to maintain a clear
pipette tip using high positive pressure to continually blow debris
away from the tip with the internal solution. While it was possible
to penetrate the silicone and dura with regular glass patch pipettes
for loose patch recordings, we were not able to reach the GOhm
seal necessary for whole cell patch clamp recording. This is proba-
bly because the continual flow of internal solution that maintains
a clear pipette tip, is halted during silicone penetration. Thus, in
our hands, it was necessary to remove the silicon plug covering
the access hole for reliable whole cell patch clamp recording. The
silicone plug was removed using a 26G hypodermic needle and
forceps under a microscope while the mouse is anesthetized (1%
isoflurane) and headfixed in a stereotax. Removal of the silicone
was relatively easy and quick to do, although care is necessary to
avoid puncturing the dura. A droplet of sterile saline (0.9% NaCl)
was then added to the window glass covering the exposed dura.
The anesthetized mouse was transferred to the microscope
stage and a ground electrode positioned in the saline cover-
ing the glass and dura. Once a GFP labeled layer 2/3 neu-
ron had been identified as a target, a patch electrode with tip
resistance 5–8 MOhm containing internal solution (in mM):
100 K-gluconate, 20 KCl, 10 HEPES, 4 MgATP, 0.3 Na2GTP,
10 Na-Phosphocreatine, 0.05 Alexa 594, pH 7.3, 290 mOsm),
was advanced diagonally through the dura, while taking care to
avoid blood vessels, for whole-cell targeted patch clamp record-
ing (Komai et al., 2006). Cellular activity in the anesthetized
mouse was recorded in current clamp mode (EPC10 USB, HEKA)
(Figure 4D). Recordings remained stable for up to 40 min, during
which time the patched neuron was filled with Alexa Fluor 594
(50 µM; Invitrogen) for later 3D reconstruction.
In general, dura penetration with a patch pipette after plug
removal is not as smooth as in an acute experiment. This might
be due to some thickening of the dura in response to the skull
removal. However, for whole-cell patch clamp electrophysiology
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FIGURE 4 | Chronic cranial window with access port for
electrophysiology. While metal electrodes and beveled electrodes for single
or multi-unit recording can simply penetrate the silicone plug, in our hands, it
was necessary to remove the plug for patch clamp experiments to reach a
high success rate (A). A GFP-expressing layer 2/3 pyramidal neuron shown in
x-z plane projection (B) and x-y plane projection (C) was targeted for
whole-cell patch clamp recording under anesthesia (1% isoflurane) (D) and
filled with a red fluorescent dye after plug removal. The access port does not
affect the imaging quality as shown by in vivo imaging of GFP-expressing
neurons in layer 5 of barrel cortex after viral gene transfer (E).
we found it was not necessary to remove the dura, although a wide
shafted patch pipette may be used initially to create a hole in the
dura to aid penetration of subsequent patch pipettes. Alternatively
the dura can be slightly opened by making a small cut for easier
access.
Following the electrophysiological recording the window
access port was resealed by gently drying the dura with absorbent
swabs (Sugi Saugtupfer, Kettenbach GmbH and Co. KG) and
compressed air. The hole opening was then re-filled with fast cur-
ing (10 min) silicone sealant such as Kwik-Sil or Kwik-Cast using
the same method as described for the access port fabrication.
For Kwik-Sil the plug was again transparent and would allow for
imaging. However, after repeated plug removal and penetration of
the dura with rather wide patch pipettes, increased scar formation
or inflammation has to be expected.
We also successfully performed electrical stimulation of den-
drites with 0.1 and 1.0 MOhm tungsten electrodes and recorded
optically dendritic responses. Penetration of the plug and dura
was easy using tungsten electrodes.
Sharp glass microelectrodes however were prone to bend-
ing and breaking and so stiffer quartz glass microelectrodes
(preferably beveled) are a better alternative for electrical sharp
recording and/or stimulation.
DISCUSSION
We have described and demonstrated a device that permits long
term in vivo optical imaging and combines access to the brain for
cellular manipulations. A biocompatible silicone plug was incor-
porated into a typical chronic cranial window to allow access to
the brain via micropipettes or electrodes. After each injection the
silicone plug reseals, in a similar way to the silicone container caps
used in medicine, where surgical syringes repetitively penetrate
the cap but the cap maintains its seal and the liquid inside the
container remains sterile.
The device was designed to satisfy these criteria: the device
should be easy to fabricate and fully adaptable to a typical
chronic cranial window surgical procedure: the device should
not degrade the imaging quality, stability, or surgical integrity,
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for long periods of repetitive use (weeks to months) and:
the device should allow easy, visually guided, and repeatable
access to the brain via pipette or electrode, for delivery of
substance, electrical stimulation or recording at a single cell
resolution.
This window with access port can be fabricated from a typ-
ical glass coverslip and requires no sophisticated equipment or
materials. Each window can be prepared immediately prior to
surgery taking no more than 30 min, and the surgical procedure is
identical to a typical chronic cranial window surgery. Experiments
were repeated eight times per mouse during a 7 week period
during which time we saw no abnormal behavior or signs of
distress in the mice, and functional in vivo recordings showed very
little change in quality over successive weeks.
In general, the shape and size of the glass window as well as
that of the access hole (or several holes) can be adapted to meet
the specific needs of the experiment. For example, two off-center
access ports can be used to locally perfuse brain tissue with one
pipette as a source and one as a drain while imaging the perfused
tissue (as in Engert and Bonhoeffer, 1999). Multiple access ports
can be used, for example to electrically stimulate and record while
applying a drug in vivo.
For patch experiments, we needed to remove the plug to
achieve a reliable GOhm seal. However, electrical recordings
where no GOhm seal is needed can be performed without plug
removal. This includes single and multi-unit recordings with
slightly beveled sharp electrodes or metal electrodes like tungsten
electrodes. Fine glass electrodes tend to bend and slide on the
silicone surface under shallow angle approach. This problem can
be overcome by beveling and by using quartz pipettes or pipettes
with wider shanks.
We believe this device would be valuable across a broad range
of in vivo studies in various species, the main targets being
neurons, glia, and brain vasculature for in vivo imaging and
cellular manipulation. Because of its biocompatibility and stabil-
ity, the device guarantees the sterile conditions and the lowest
possible immune response that are essential for optimal optical
imaging.
Using this technique animals recover quickly from surgery
and can be used repetitively for weeks or months, such that
the number of animals used in research can be significantly
reduced, while the information gained from a single animal
can be dramatically increased. This low-cost simple device
will simplify current experiments and, even more importantly,
allow many new experiments that because of limited brain
access have not yet been possible. This is particularly true
for in vivo drug screening, for example, where a time course
of local drug application to the brain over several months
can now be done in a single animal while the effects of the
drug can be repeatedly monitored during this time. Using cur-
rent techniques, many animals would be sacrificed at different
time points for the same study. Possibly the most significant
advantage of this device is that in vivo cellular manipulation
and/or electrophysiological recording can now be easily per-
formed, repeatedly, and in combination with long term opti-
cal imaging; an ever growing necessity for in vivo studies in
neuroscience.
ACKNOWLEDGMENTS
We want to thank Neil Dalphin for valuable feedback on the
manuscript.
REFERENCES
Adam, Y., and Mizrahi, A. (2011). Long-term imaging reveals dynamic changes in
the neuronal composition of the glomerular layer. J. Neurosci. 31, 7967–7973.
doi: 10.1523/jneurosci.0782-11.2011
Andermann, M. L., Kerlin, A. M., and Reid, R. C. (2010). Chronic cellular imaging
of mouse visual cortex during operant behavior and passive viewing. Front. Cell.
Neurosci. 4:3. doi: 10.3389/fncel.2010.00003
Arieli, A., and Grinvald, A. (2002). Optical imaging combined with targeted
electrical recordings, microstimulation, or tracer injections. J. Neurosci. Methods
116, 15–28. doi: 10.1016/s0165-0270(02)00022-5
Arieli, A., Grinvald, A., and Slovin, H. (2002). Dural substitute for long-term
imaging of cortical activity in behaving monkeys and its clinical implications.
J. Neurosci. Methods 114, 119–133. doi: 10.1016/s0165-0270(01)00507-6
Denk, W., Strickler, J. H., and Webb, W. W. (1990). Two-photon laser scan-
ning fluorescence microscopy. Science 248, 73–76. doi: 10.1126/science.23
21027
Dombeck, D. A., Graziano, M. S., and Tank, D. W. (2009). Functional clustering of
neurons in motor cortex determined by cellular resolution imaging in awake
behaving mice. J. Neurosci. 29, 13751–13760. doi: 10.1523/jneurosci.2985-09.
2009
Engert, F., and Bonhoeffer, T. (1999). Dendritic spine changes associated with
hippocampal long-term synaptic plasticity. Nature 399, 66–70.
Grinvald, A., Frostig, R. D., Siegel, R. M., and Bartfeld, E. (1991). High-resolution
optical imaging of functional brain architecture in the awake monkey. Proc. Natl.
Acad. Sci. U S A 88, 11559–11563. doi: 10.1073/pnas.88.24.11559
Helmchen, F., and Denk, W. (2005). Deep tissue two-photon microscopy. Nat.
Methods 2, 932–940. doi: 10.1038/nmeth818
Holtmaat, A., Bonhoeffer, T., Chow, D. K., Chuckowree, J., De Paola, V., Hofer,
S. B., et al. (2009). Long-term, high-resolution imaging in the mouse neo-
cortex through a chronic cranial window. Nat. Protoc. 4, 1128–1144. doi: 10.
1038/nprot.2009.89
Holtmaat, A., de Paola, V., Wilbrecht, L., Trachtenberg, J. T., Svoboda, K., and
Portera-Cailliau, C. (2012). Imaging neocortical neurons through a chronic
cranial window. Cold Spring Harb. Protoc. 2012, 694–701. doi: 10.1101/pdb.
prot069617
Holtmaat, A. J., Trachtenberg, J. T., Wilbrecht, L., Shepherd, G. M., Zhang,
X., Knott, G. W., et al. (2005). Transient and persistent dendritic spines
in the neocortex in vivo. Neuron 45, 279–291. doi: 10.1016/j.neuron.2005.
01.003
Holtmaat, A., Wilbrecht, L., Knott, G. W., Welker, E., and Svoboda, K. (2006).
Experience-dependent and cell-type-specific spine growth in the neocortex.
Nature 441, 979–983. doi: 10.1038/nature04783
Hoogland, T. M., Kuhn, B., Göbel, W., Huang, W., Nakai, J., Helmchen, F.,
et al. (2009). Radially expanding transglial calcium waves in the intact cere-
bellum. Proc. Natl. Acad. Sci. U S A 106, 3496–3501. doi: 10.1073/pnas.08092
69106
Kitamura, K., Judkewitz, B., Kano, M., Denk, W., and Häusser, M. (2008). Targeted
patch-clamp recordings and single-cell electroporation of unlabeled neurons in
vivo. Nat. Methods 5, 61–67. doi: 10.1038/nmeth1150
Komai, S., Denk, W., Osten, P., Brecht, M., and Margrie, T. W. (2006). Two-photon
targeted patching (TPTP) in vivo. Nat. Protoc. 1, 647–652. doi: 10.1038/nprot.
2006.100
Kuhn, B., Ozden, I., Lampi, Y., Hasan, M. T., and Wang, S. S.-H. (2012). An
amplified promoter system for targeted expression of calcium indicator proteins
in the cerebellar cortex. Front. Neural Circuits 6:49. doi: 10.3389/fncir.2012.
00049
Levasseur, J. E., Wei, E. P., Raper, A. J., Kontos, A. A., and Patterson, J. L. (1975).
Detailed description of a cranial window technique for acute and chronic
experiments. Stroke 6, 308–317. doi: 10.1161/01.str.6.3.308
Mank, M., Santos, A. F., Direnberger, S., Mrsic-Flogel, T. D., Hofer, S. B., Stein, V.,
et al. (2008). A genetically encoded calcium indicator for chronic in vivo two-
photon imaging. Nat. Methods 5, 805–811. doi: 10.1038/nmeth.1243
Margrie, T. W., Brecht, M., and Sakmann, B. (2002). In vivo, low-resistance,
whole-cell recordings from neurons in the anaesthetized and awake
Frontiers in Cellular Neuroscience www.frontiersin.org November 2014 | Volume 8 | Article 379 | 7
Roome and Kuhn Chronic cranial window with port
mammalian brain. Pflugers Arch. 444, 491–498. doi: 10.1007/s00424-002-
0831-z
Portera-Cailliau, C., Weimer, R. M., De Paola, V., Caroni, P., and Svoboda, K.
(2005). Diverse modes of axon elaboration in the developing neocortex. PLoS
Biol. 3:e272. doi: 10.1371/journal.pbio.0030272
Shtoyerman, E., Arieli, A., Slovin, H., Vanzetta, I., and Grinvald, A. (2000).
Long-term optical imaging and spectroscopy reveal mechanisms underlying
the intrinsic signal and stability of cortical maps in V1 of behaving monkeys.
J. Neurosci. 20, 8111–8121.
Slovin, H., Arieli, A., Hildesheim, R., and Grinvald, A. (2002). Long-term voltage-
sensitive dye imaging reveals cortical dynamics in behaving monkeys. J. Neuro-
physiol. 88, 3421–3438. doi: 10.1152/jn.00194.2002
Smith, S. L., Smith, I. T., Branco, T., and Häusser, M. (2013). Dendritic spikes
enhance stimulus selectivity in cortical neurons in vivo. Nature 503, 115–120.
doi: 10.1038/nature12600
Stosiek, C., Garaschuk, O., Holthoff, K., and Konnerth, A. (2003). In vivo two-
photon calcium imaging of neuronal networks. Proc. Natl. Acad. Sci. U S A 100,
7319–7324. doi: 10.1073/pnas.1232232100
Sullivan, M. R., Nimmerjahn, A., Sarkisov, D. V., Helmchen, F., and
Wang, S. S.-H. (2005). In vivo calcium imaging of circuit activity in
cerebellar cortex. J. Neurophysiol. 94, 1636–1644. doi: 10.1152/jn.01013.
2004
Svoboda, K., Denk, W., Kleinfeld, D., and Tank, D. W. (1997). In vivo dendritic
calcium dynamics in neocortical pyramidal neurons. Nature 385, 161–165.
doi: 10.1038/385161a0
Trachtenberg, J. T., Chen, B. E., Knott, G. W., Feng, G., Sanes, J. R., Welker,
E., et al. (2002). Long-term in vivo imaging of experience-dependent
synaptic plasticity in adult cortex. Nature 420, 788–794. doi: 10.1038/nature
01273
Xu, N. L., Harnett, M. T., Williams, S. R., Huber, D., O’Connor, D. H., Svo-
boda, K., et al. (2012). Nonlinear dendritic integration of sensory and motor
input during an active sensing task. Nature 492, 247–251. doi: 10.1038/nature
11601
Yousef, T., Bonhoeffer, T., Kim, D. S., Eysel, U. T., Tóth, E., and Kisvárday, Z. F.
(1999). Orientation topography of layer 4 lateral networks revealed by optical
imaging in cat visual cortex (area 18). Eur. J. Neurosci. 11, 4291–4308. doi: 10.
1046/j.1460-9568.1999.00863.x
Conflict of Interest Statement: US patent application: Kuhn, B., and Roome, C. J.
(2013) Chronic cranial window allowing drug application and electrophysiology
US61/918,193.
Received: 02 October 2014; accepted: 22 October 2014; published online: 11 November
2014.
Citation: Roome CJ and Kuhn B (2014) Chronic cranial window with access port for
repeated cellular manipulations, drug application, and electrophysiology. Front. Cell.
Neurosci. 8:379. doi: 10.3389/fncel.2014.00379
This article was submitted to the journal Frontiers in Cellular Neuroscience.
Copyright © 2014 Roome and Kuhn. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
and reproduction in other forums is permitted, provided the original author(s) or
licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.
Frontiers in Cellular Neuroscience www.frontiersin.org November 2014 | Volume 8 | Article 379 | 8
